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Neutralization-reionization mass spectrometry is used to generate hypervalent 9-N-4 (am- 
monium) and 9-0-3 (oxonium) radicals derived from protonated c~,~-bis-(dimethylamino)al- 
kanes and a,o~-dimethoxyalkanes, which exist as cyclic hydrogen-bonded structures in the 
gas phase. Collisional neutralization with dimethyl disulfide, trimethylamine, and xenon of 
the hydrogen-bonded onium cations followed bv reionization with oxygen results in com- 
plete dissociation. Bond cleavages at the hypervalent nitrogen atoms are found to follow 
the order CH2- -N  > CH~- -N  > N- -H ,  which differs from that in the monofunctional 
hydrogen-n-heptyldimethyiammonium radical, which gives CH2- -N  > N- -H  > CH3- -N .  
No overall stabilization through hydrogen bonding of the bifunctional hypervalent ammo- 
nium and oxonium radicals is observed. Subtle effects of ring size are found that tend to 
stabilize large ring structures and are attributed to intramolecular hydrogen bonding. (J Am 
Soc Mass Spectront 1995, 6, 1004-1018) 
T 
he effects of hydrogen bonding have been of 
both theoretical [1-4] and experimental interest 
[5-9]. Bifunctional neutral molecules that have a 
proton donor group (OH, NH 2) in spatial proximity 
with an electron-rich proton acceptor group (OR, NR 2 ) 
typically develop a stabilizing interaction because of 
the formation of an intramolecular hydrogen bond 
[10]. Intramolecular hydrogen bonding in neutral 
molecules has been studied extensively in both solu- 
tion and the gas phase [11-14]. The latter is an espe- 
cially good medium for study of tile hydrogen bond- 
ing phenomena because of the absence of solvent ef- 
fects [15]. Stabilization through hydrogen bonding in 
neutral molecules typically amounts to 15-20 kJ tool t, 
which depends on the properties of the proton donor 
and acceptor groups [16]. 
Strong intramolecular hydrogen bonding occurs in 
protonated a,o2-bifunctional alkane cations as revealed 
by gas-phase basicity studies [8, 9, 17]. This is borne 
out by proton transfer equilibrium studies [17] that 
gave larger proton affinity (PA) values measured for 
protonated bifunctional ions as compared to mono- 
functional species of comparable polarizability. In ad- 
dition, large negative entropy changes (AS °) accom- 
pany protonation of these species and thus lead to 
unambiguous assignment of their cyclic structures [9]. 
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This phenomenon has been noted in many a, w-bifunc- 
tional alkanes, which include diamines, diethers, and 
diols, as well as in alkanes that contain two different 
functional groups (e.g., amino alcohols) {17]. 
The extent of hydrogen bonding, defined as tile 
hydrogen bonding stabilization energy (AH~t,~b), can 
be estimated from the difference of PA values be- 
tween a bifunctional species and a monofunctional 
species of comparable polarizability. For example, 
in a series of diaminoalkanes Aue et al. [8] esti- 
mated A Hstab as ~41, 65, 85, 76, and 79 kJ mol t 
for 1,2-diaminoethane, 1,3-diaminopropane, 1 4-di- 
aminobutane,  1,5-diaminopentane, and 1,6-di- 
aminohexane, respectively. Chemical modeling of 
cyclic systems [18] was used to explain the preceding 
values where the protonated 1,4-diaminobutane ion 
exhibited the least ring strain and hence the largest 
?k Hst,lb value [8]. 
Much less is known about hydrogen bonding in 
open-shell species, such as cation-radicals and radicals 
[19]. Morton and co-workers [20, 21] proposed that 
intramolecular hydrogen bonding in 2-methoxyethanol 
is retained in its corresponding cation-radical and in- 
fluences its unimolecular dissociations; the latter pre- 
sumably involve a proton-bridged intermediate. In 
contrast, ab initio studies of tile 1,2-ethanediol cation- 
radical predicted fast rearrangement by hydrogen 
transfer in tile hydrogen-bonded structure [22, 23], 
which implies no stabilization through hydrogen 
bonding. The mechanisms of collision-activated disso- 
ciation (CAD) in 1,2-ethanediol and 2-methoxyethanol 
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cation-radicals were studied by Cao et al. [24], who 
also concluded that the ions were not stabilized by 
hydrogen bonding. 
An interesting possibility for the study of in- 
tramolecular hydrogen bonding in radicals is provided 
by fast neutralization of protonated c~,r~-bifunctional 
alkanes via neutralization-reionization (NR) mass 
spectrometry [25-33]. Neutralization by collisional 
electron transfer of ions with kiloelectronvolt kinetic 
energies occurs on a < 10 14-s time scale, such that 
the neutral species is formed with the geometry of the 
precursor ion. Neutralization of protonated iamines 
and diethers, as presented in this study, produces 
hypervalent radicals of the 9-N-4 (ammonium) and 
9-0-3 (oxonium) type, whose initial geometries corre- 
spond to those of the hydrogen-bonded cations. For 
the X-N-L nomenclature of hypercoordinated species, 
see ref 34. Previous theoretical [35] and experimental 
[36] studies of NH 3 ... NH~ hypervalent radicals indi- 
cated significant stabilization against NH~ that was 
attributed to hydrogen bonding. 
In the present study we investigate the effects of 
intramolecular hydrogen bonding on the stability and 
dissociations of larger organic hypervalent radicals 
prepared by neutralization of protonated bis-(dimeth- 
ylamino)alkanes 1-4 and protonated bis-(methoxy)al- 
kanes 5 and 6. Compounds 1-6 are strong organic 
gas-phase bases, which makes them particularly well 
suited for the study of hydrogen bonding effects. The 
PA values are 1004, 1017, 1029, 1025, 853, and 928 kJ 
mol -l, respectively, for compounds 1-6 [17, 37, 38]. 
Although accurate stimates of ~H~t,lb for these com- 
pounds are hampered by rather sparse PA data for 
monofunctional compounds with comparable alkyl 
groups, the PA data suggest relative ,&H~t.~ b values 
similar to those discussed for the diaminoalkanes [8]. 
Gas-phase protonation of 1-6 by isobutane chemical 
ionization (PA(2-methylpropene) = 802 kJ mol 1 [38]) 
results in the formation of cyclic cations 7+-12 + , re- 
spectively. Neutralization of ions 7+-12 + by fast colli- 
sions with dimethyl disulfide results in the formation 
of hypervalent radicals whose NR mass spectra are 
presented. CAD mass spectra of ions 1+-6 ÷. (which 
correspond to reionized molecules) and 7+-12 + (which 
correspond to reionized radicals) are presented for 
comparison. Deuterium-labeled ions 3a +, 9a +, and 9b + 
are used to elucidate dissociation pathways for the 
hypervalent radical derived from 9 +. To compare the 
behavior of bifunctional hypervalent radicals with re- 
spect to hydrogen bonding and interactions of the 
functional groups, we also investigated issociations 
of hypervalent radicals derived from C 4 H~-protonated 
1-(N,N-dimethylamino)heptane (13 ~) and its deu- 
terium-labeled isotopomers N-methyl-N-(methyl- 
d3)aminoheptane (13a +) and N,N-dimethylaminohep- 
tane-l,l-d 2 (13b +). As with the other radicals studied, 
radicals 13"-13b" also were generated by neutralization 
with dimethyl disulfide. 
(1) (CH3)2N-(CH2)2-N(CH3) 2 
(2) (CH3)2N-(CH2)3-N(CH3)2 
(3a) (CH3)2N-CD2(CH2)2CD2-N(CH3) 2 
(4) (CH3)2N-(CH2)6-N(CH3) 2 --N' ~-"  N '~ 
(5) CH30-(CH2)2-OCH3 "1"~ I 
(6) CH30-(CH2)4-OCH 3 (7 + ) (8 + ) 
(9*) (ga ÷) (9b +) 
(10*) (11") (12*) 
Structures 1 - -12  
H 
(13 +) 
H 
(13a*) 
H 
3 
(13b*) 
Structure 13 
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Experimental 
Neutralization-Reionization Measurenlents 
NR (abridged notation for +NR +, or positive ions 
neutralized followed by reionization to positive ions) 
mass spectra were measured on the tandem 
quadrupole acceleration-deceleration (QADQ) mass 
spectrometer described previously [39]. Samples were 
introduced into the ion source via a glass probe main- 
tained at room temperature. The sample intake was 
regulated by a Teflon valve to achieve pressures in the 
range of 8 × 10 " to 2 x 10 ~ torr as read on an 
ionization gauge located outside the ion source. Cation 
precursor ions were generated by gas-phase proto- 
nation of the corresponding diamines (1-4), N,N- 
dimethylaminoheptanes, and diethers (5 and 6) with 
C4H, ~ [from isobutane (Matheson, East Rutherford, 
NJ), 99.5qf] generated by chemical ionization (CI) in a 
tight ion source of our design. CI conditions were as 
follows: emission current, 1 mA; electron energy, 100 
eV; ion source temperature, 165-190 °C {dependent on 
particular experiment); isobutane pressure, - 2 x 10 4 
torr as read on tile ionization gauge located outside tile 
ion source. The reagent gas pressure and ion source 
potentials were adjusted to optimize protonation and 
minimize electron ionization such as to obtain the 
highest possible ion abundance ratios [M + HI +/[M ~']. 
Cation 9b + was prepared by deuteronation with ND 4' 
and C4D~ J generated by CI of ND~ {Cambridge Iso- 
tope Laboratories, Woburn, MA; 99c~ D) and (CD3)~CD 
(MSD Isotopes, Pointe Claire, Quebec, Canada; 98c~ 
D), respectively. The ion source and gas inlet walls 
were conditioned with D,O (Cambridge Isotopes; 
99.99} D) at 2 x 10 s torr for -1  h prior to the 
labeled exper iments .  Cat ion - rad ica l  pre-  
cursor ion 1 ~" was generated by electron impact 
(El) ionization of the corresponding 1,2-bis-(dimethyl- 
amino)ethane. EI ion source conditions were as fol- 
lows: electron energy, 70 eV; emission current, 0.5 mA; 
ion source temperature 185 °C. In all cases the ions 
were passed through a quadrupole mass filter oper- 
ated in the radiofrequency-only mode, accelerated to 
-8130-eV kinetic energy (+30 eV dependent on the 
particular experiment), and neutralized by collisions 
with gaseous dimethyl disulfide (Aldrich, Chemical 
Co., Milwaukee, WI; 99qf), trimethylamine (Matheson, 
99.5c~,), or xenon (Matheson, 99.9~) in a differentially 
pumped collisional cell at a pressure such as to achieve 
70e/~, transmittance of the incident ion beam. Tile re- 
maining ions were reflected electrostatically and the 
neutrals were reionized to cations by collisions with 
oxygen in another differentially pumped cell at a pres- 
sure such as to achieve 70~ transmittance of tile pre- 
cursor ion beam. The intermediate neutral lifetimes 
were in the 4.8-6.6-p,s range for precursor ions of nl/Z 
91-173. The positive ions then were decelerated by an 
electrostatic lens, energy filtered, and mass analyzed 
by a quadrupole mass filter (MS-II) that was scanned 
in link with the deceleration voltage [39]. The reported 
spectra were recorded on a PC-based data acquisition 
program [40] and averaged over 20-50 repetitive scans 
obtained at scan rates of 1 s (75 data points) per mass 
unit. 
Operation of tile first quadrupole mass filter in the 
radiofrequency-only mode significantly increases the 
amount of precursor ions available for neutralization. 
However, mass analysis by linked scanning of the 
deceleration voltage and the MS-II quadrupole mass 
filter, but without prior mass selection of the precursor 
ion, may result in interferences due to formation of the 
same fragment by the two precursor ions at adjacent 
mass-to-charge ratio values (to tile desired precursor 
ion). For example, fragmentations of precursor ions (or 
neutrals) of 8130-eV kinetic energy, m/z 146 (the de- 
sired precursor) to 71 and n//:" 145 (adjacent precur- 
sor) to 71 from 9b ~, yield tile m/z 71 fragments with 
kinetic energies equal to 3954 and 3981 eV, respec- 
tively. Whereas these peak maxima that differ by 27 
eV are resolved by the energy filter lens (&E = 45 eV 
full width at half maximum [39]), energy spread due 
to kinetic energy release in tile fragmentation can cause 
peak broadening and overlap. In practice, contamina- 
tion from adjacent precursor ions is minimized by 
optimization of tile CI source conditions to obtain the 
highest possible ion abundance ratios for [M + 
H] ~/[M "]. 
Other relevant features of tile QADQ mass spec- 
trometer that affect the overall appearance of the ob- 
tained mass spectrum are tile deflector and energy 
filter potentials located after the reionization cell prior 
to the MS-II quadrupole [39]. The settings of the de- 
flectors and energy filter can affect the transmission of 
low mass fragments. For example, when the NR mass 
spectrum of 9b ' (deuteronated by d3-ammonia, Figure 
2b) was measured with different energy filter and 
deflector settings nearly two years after tile other NR 
spectra were measured, differences in the relative 
abundances of low mass fragments were observed. 
However, when the NR spectrum of 9b + (deuter- 
onated by dm-isobutane; spectrum not shown) was 
taken with deflector and energy filter settings similar 
to those of the other NR spectra presented, this low 
mass discrimination did not occur. 
Collision-Activated Dissociation Measurements 
CAD mass spectra of ions at 4-keV kinetic energy were 
taken on a Kratos (Kratos Analytical, Ramsey, NJ) 
Profile HV-4 double-focusing mass spectrometer that 
had a forward (E precedes B) geometry. The ions were 
collided with 0 2 at 70~ precursor beam transmittance 
in the first field-free region of tile mass spectrometer 
furnished with a home-built collision cell. The spectra 
were obtained by scanning the E and B sectors while 
keeping tile B/E ratio constant. Product ion mass reso- 
lution was > 300. All average of 8-12 repetitive scans 
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were taken for each spectrum at a rate of 30 s per 
decade. 
Materials 
1,2-Bis-(dinlethylamino)ethane (1) (Aldrich; 99¢;), 
1,3-bis-(dimethylamino)propane (2) (Aldrich; 99ci), 
1,4-bis-(dimethylamino)butane (3) (Aldrich; 98c; ), 1,6- 
bis-(dimethylamino)hexane (4) (Aldrich; 99("; ), and 1,2- 
bis-(methoxy)ethane (5) (Ald.ich; 99.9r4) were used as 
received. 
1,4-Bis-(d imethylanl  ino)bu tane-l , l ,4,4-d 4 (3a), 
N,N-dimethylaminoheptane, and N-methy l -N-  
(methyl-d~)aminoheptane were synthesized by reduc- 
tion with LiA1D4 or LiAIH 4 of the corresponding 
amides in accordance with standard procedures de- 
scribed previously [41]. 70-eV El mass spectra (not 
reported previously) are as follows [mass-to-charge 
ratio and percent relative intensity (in parentheses)]: 
1,4-Bis-(dimethylamino)butane-l,l,4,4-d 4:1 9 (0.6), 148 
(M ~" 6.8), 133 (1.31, 104 (2.3), 102 (2.3), 101 (2.6), 88 
(5.11, 87 (2.6), 86 (1.21, 85 (1.61, 76 (1.1), 74 (5.1), 73 (1.81, 
72 (18.61, 71 (3.2), 61 (4.7), 60 (100), 59 (7.11, 58 (2.01, 57 
(3.01, 47 (0.9), 46 (22.0), 45 (8.11, 44 (10.01, 43 (11.51, 42 
(13.81, 41 (5.3), 40 (3.3), 39 (1.71. 
N,N-dinlethylaminoheptane: 144(0.5), 143 (M ~', 4.81, 
142 (0.51, 114 (0.4), 84 ((1.91, 72 (2.5), 71 (2.6), 70 (1.1), 69 
(0.5), 59 (4.0), 58 (100), 57 (2.0), 56 (1.6), 55 (1.8), 53 
(0.3), 46 (0.3), 45 (1.0), 44 (2.2), 43 (2.5), 42 (6.4), 41 (3.4), 
40 (0.6), 39 (1.l). 
N-methyl-N-(methyl-d3)aminoheptane: 147 (0.3), 146 
(M * , 3.9), 145 (0.4), 87 (0.4), 75 (0.3), 74 (0.4), 72 (0.5), 
71 (0.5), 62 (3.6), 61 (100), 60 (1.1), 59 (0.4), 57 (0.5), 56 
(0.4), 55 (1.1), 48 (1.1), 47 (1.2), 46 (0.9), 45 (1.6), 44 (2.2), 
43 (1.7), 42 (2.8), 41 (2.6), 40 (0.6), 39 (0.9). 
N, N-dimethylaminoheptane-l,l-d 2 wasprepared by 
LiA1D 4 reduction of N,N-dimethylheptanamide n te- 
trahydrofuran and distilled in vacuo, b.p. 62 °C 
(24 torr). Th in- layer  chromatography  (TLC) 
(CHCI JCH~OH,  normal phase) gave one spot by 1~ 
vapor (Rf ~ 0.35). 200-MHz 1H NMR (CDCI3): 0.88 
(t, 3H), 1.28 (m) + 1.45 (m) (10H), 2.2 (s, 6H). 
1,4-Dimethoxybutane (6). Dimethyl sulfate [60.5 g 
(0.480 mol); Aldrich; 99%] was added dropwise to a 
stirred solution of 20-g (0.222-mol) 1,4-butanediol (Al- 
drich; 99%) in -200 mL of aqueous 2.4-M NaOH at 
room temperature and then refluxed for 2 h. The 
reaction mixture was cooled and the product was 
extracted with 4 × (20-g K2CO 3 + 50-mL ether). Mi- 
crodistillation at normal pressure yielded ~5 g (42 
mmol, 19% yield) of a clear liquid of b.p. 90-92 °C. 
The 70-eV El mass spectrum (re~z, mass-to-charge 
ratio and percent relative intensity (in parentheses)]: 
119 (0.9), 118 (M', 2.81, 117 (2.0), 116 (0.6), 105 (0.71, 
104 (6.11, 103 (96), 102 (0.3), 101 (0.51, 92 (0.3), 91 (0.41, 
90 (1.0), 89 (0.4), 88 (5.5), 87 (8.2), 86 (35), 85 (18), 84 
(0.4), 75 (1.3), 74 (0.5), 73 (0.6), 72 (3.3), 71 (33), 70 (0.6), 
69 (1.01, 68 (0.2), 67 (0.3), 61 (0.3), 60 (0.5), 59 (7.0), 58 
(100), 57 (2.9), 56 (6.0), 55 (7.5), 54 (0.6), 53 (2.5), 52 
(0.2), 51 (0.3), 50 (0.2), 49 (0.5), 47 (0.7), 46 (2.0), 45 (85), 
44 (1.2L 43 (16), 42 (4.0), 41 (9.7), 40 (1.4), 39 (6.1). 
Results  
Ion Dissociations 
Because the neutral species that result from collisional 
neutralization are reionized prior to detection, the NR 
spectrum represents a convolution of neutral and ion 
processes. Although we did not intend to study the 
mechanistic details of ion dissociations, the significant 
products of ion dissociations needed to be identified as 
signatures for tile neutral intermediates. Thus the dis- 
sociations of cation-radicals 1 " -6 ' (which correspond 
to reionized molecules) and cations 7~-12 + (which 
correspond to reionized radicals) were investigated 
through their collision-induced dissociation (CAD) 
mass spectra, in conjunction with the electron impact 
(El) mass spectra of the diamines and diethers. 
CAD of diamine cation-radicals 1 ~'-4 +" yields frag- 
ment ion spectra that differ significantly in appearance 
(Table 1 ). The major dissociation pathways for 1 " -4 '  
are seemingly unique to the alkyl chain length be- 
tween amine moieties. Tile major dissociation pathway 
for the 1,2-bis-(dimethylamino)ethane cation-radical 
(1" )  is cecleavage that gives rise to CH2~N(CH~)  ~ 
[41, 42] as the base peak of the CAD spectrum (Table 
1). A similar pattern is observed in the 70-eV EI mass 
spectrum of 1, which in addition to m/z  58 shows 
fragment ions at m/ :  72, 71, and 42 [43]. The molecu- 
lar ion of 1 is weak in the El mass spectrum (4q4 of 
base peak m/ :  58). CAD of the 1,3-bis-(dimethyl- 
amino)propane cation-radical (2 *') shows a dominant 
peak at m/ :  85 due to elimination of dimethylamine 
(Table 11. This fragment ion is much less abundant in 
the 70-eV EI mass spectrum of 2 (22°,: ;, of the base peak 
m/z 58 [43]). This difference is possibly due to the fact 
that the relative intensity of a rearrangement ion in the 
CAD spectrum depends on the ion internal energy and 
may be promoted in a fraction of low energy ions 
produced by CAD [44, 45]. Different time scales of 
these dissociations also may have a substantial effect. 
Nondissociating 2*" sampled for CAD have longer 
lifetimes than the ions that dissociate in the ion source, 
and so the former may have undergone a C + N 
hydrogen transfer rearrangement to form a distonic 
structure, which would be prone to elimination of 
dimethylamine. Whichever scenario is the case, it ap- 
pears that the dissociations of 2 ~" formed by reioniza- 
tion in the NR process (vide infra) are better approxi- 
mated by the EI mass spectrum of 2 than by its CAD 
spectrum. Unfortunately, the very low relative abun- 
dance of the molecular ion 2 +. [43] did not permit its 
NR spectrum to be obtained for direct comparison. 
Interestingly, CAD of the 1,4-bis-(dimethyl- 
amino)butane cation-radical (3 ~') (Table 11 proceeds 
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Tab le  1. CAD(O 2, 70% t ransmit tance)  mass  spectra of t~,~o-dimethylamino)alkanes 1 * -4 +" and 
ct ,uJ - (dimethoxy)alkanes 5 +" and 6 +' '  
m/z 1 ~" 2 +" 3 +" 3a '" 4 +' 5 '  6 *' 
172 
171 
158 
157 
148 
147 
144 
143 
134 
133 
132 
130 
129 
128 
127 
126 
118 
117 
116 
115 
114 
113 
112 
110 
106 
105 
104 
103 
102 
101 
IO0 
99 
98 
97 
96 
90 
89 
88 
87 
86 
85 
84 
83 
82 
81 
77 
76 
75 
74 
73 
72 
71 
M ~. 
(0.9) 
0.1 
1.6 
1.4 
M ~. 
(1.4) 
M" 2.6 
(0,2) 30 
0.2 
7.6 
83 
0.9 
0.4 
0.9 
0.4 
6.3 
13 
6.5 
2.9 
0.1 
0.4 
0.9 
2.4 
0.2 
0.3 
0.2 
3.9 
8.0 
5.2 
M*"  
(9.6) 
2.5 
29 
0.5 
0.4 
6.3 
15 
2.4 
5.8 
1.6 
0.1 
0.1 
0.1 
0.1 
1.2 
0.7 
0.7 
0.6 
0.1 
0.1 
0.2 
4.6 
0.6 
9.2 
0.5 
3.3 
0.3 
M" 
(18) 
0.2 
2.2 
0.1 
4.6 
45 
23 
2.2 
0.4 
3.9 
0.1 
0.5 
0.1 
0.2 
0.3 
0.2 
0.1 
0.1 
0.4 
0.2 
2.3 
0.1 
0.2 
0.2 
0.6 
M ~, 
(0.1) 
0.2 
M'"  
(15) 
1.5 
36 
0.1 
0.1 
0.1 
3.0 
11 
13 
11 
0.1 
0.1 
0.4 
2.3 
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Table 1. (Contimled) 
m/z 1 '  2 " 3 ' "  3a '  4 ' "  5""  6 '  
70 
69 
68 
61 
60 
59 
58 
57 
56 
55 
54 
53 
47 
46 
45 
44 
43 
42 
41 
40 
39 
33 
31 
30 
29 
28 
27 
0.8 08  0.5 
0.2 
2.7 0.2 0.4 
90.5 3.6 9.6 
1.2 0.4 0.4 
0.4 0.2 0.5 
0.4 
0.1 
0.2 1 5 
0.5 0.8 
02  0.3 
0.6 0.8 
0.2 02  
0,2 
0,2 
09  
0.1 0.4 
0.1 0.2 
0.1 
0.4 1.7 
8.1 47 
0.5 0.4 1.6 0.4 
0.3 8.4 19 8.9 
0.4 0.2 0.2 
0.1 0.2 0.8 
0.1 0.2 1.7 
0.1 
0.5 
0.2 
1.5 0.2 0.4 
0.5 0.4 24 4.5 
03  0.6 0.4 0.1 
0.5 0.1 0.7 0.8 
0.3 0.4 0.2 0.7 
0.1 1.2 
0.1 
0.7 
0.1 0.1 
1.0 
0.3 0.2 
2.1 
0.5 0.1 
0.2 
aValues are percent relative to the sum of ion intensit ies measured as integrated peak areas. Ions 
1"  4"  were not monitored below m/z 40 
by loss of methyl to give a dominant ion at m/z 129 
(base peak), whereas products formally due to 
CH2- -N ,  c~-cleavage, and ]3-cleavage at m/z 100, 58, 
and 72, respectively, are less abundant. Product ion 
abundances due to N- -CH 3 and N- -CH 2 bond 
cleavages in 3 +. appear in a near statistical ratio: 2:0.9 
for ions at m/z 129 and 100, respectively. By contrast, 
the 70-eV EI mass spectrum of 3 shows a dominant 
CH2--=--N(CH3) d ion, whereas the ions at m/z 129 
and 100 are less abundant (4 and 3% of m/z 58, 
respectively [43]). These differences likely reflect dif- 
ferent excitations in El and CAD, the latter reflecting a
higher fraction of low energy processes. It should be 
noted that the loss of an N-methyl group from 3 +. 
(and 3a +') is likely to be accompanied by a rearrange- 
ment, because a direct loss would produce an unstable 
nitrenium ion [46]. The CAD spectrum of deuterium- 
labeled 3a ~" (Table 1) shows clean mass shifts from 
m/z 129 to 133 (base peak), m/z 100 to 104, m/ :  58 to 
60, and m/z 72 to 74 for N - -CH 3, N - -CH 2, ¢x- 
cleavage, and /3-cleavage products, respectively, which 
indicates that the cx-deuterium atoms do not migrate 
onto the neutral fragments being eliminated. In anal- 
ogy with 3 ÷" that forms m/z 58, the 70-eV El spectrum 
of 3a (see Experimental)  yields a dominant  
CD2~N(CH3)  d ion shifted to m~ z 60 [41]. 
The CAD spectrum of the 1,6-bis-(dimethyl- 
amino)hexane cation-radical (4 ~') (Table 1) suggests a
competition between CH~- -N  cleavage (base peak, 
m/z 128) and the loss of dimethylamine (m/z 127). 
Other dissociations uch as loss of methyl (m/z 157) 
and c~-cleavage products (m/z  58) are less important 
for 4 +'. By contrast, the 70-eV El mass spectrum of 4 
gives the CH2~N(CH3)  d ion as the base peak; ions 
at m/z 128 and 127 are less abundant (10 and 4% of 
the base peak, respectively [43]). 
As discussed for the diamines, the CAD spectra of 
diether cation-radicals 5 +. and 6*" also differ signifi- 
cantly in appearance both from themselves (Table 1) 
and from their corresponding 70-eV EI spectra [43]. 
The CAD spectrum of the 1,2-bis-(methoxy)ethane 
cation-radical 5+" shows competitive losses of form- 
aldehyde (base peak, m/z 60) and methanol (m/z 
58), and the formation of the oxenium ion 
CH2=OCH ~ (m/z 45) due to cx-cleavage. By con- 
trast, the o~-cleavage product at m/z 45 dominates the 
70-eV EI spectrum of 5; losses of formaldehyde (m/z  
60) and methanol (m/z 58) are less abundant (14 and 
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7% of the base peak, respectively) [43]. The CAD 
spectrum of the 1,4-bis-(methoxy)butane cation-radical 
(6 +') shows a dominant loss of methyl radical (m/z 
103, base peak), an analogous fragmentation to that 
observed for diamine 3 +" (Table 1). Other dissociations 
of 6 +. formally due to the loss of formaldehyde (m/z 
88), methoxy radical (m/z 87), and methanol (m/z 86) 
or formation of (x-cleavage products (m/z  45) are less 
abundant. The CAD spectrum of 6 ÷" also shows a 
C3H60 +" ion at m/z 58 due to rearrangement. The 
70-eV EI spectrum of 6 is dominated by its c~-cleavage 
product (m/z 45, base peak), but also surprisingly 
by the ion due to rearrangement a m/z 58 (81% 
of the base peak) [43]. Other rearrangement peaks in 
the EI spectrum of 6 are less abundant (7, 1, and 1% 
of the base peak for ions at m/z 86, 87, and 88, respec- 
tively) [43]. 
Cations 7+-10 +, formed by gas-phase protonation 
of the corresponding diamines 1-4 by isobutane CI, 
dissociate predominately by loss of dimethylamine as 
evidenced by the base peaks in their CAD mass spec- 
tra (Table 2). In addition, all diamine cations exhibit an 
abundant formation of the stable immonium ion 
HRC~N(CH3) ~ at m/z 58 [41, 42]. Cations 7 + and 
8 + show a detectable loss of NH 4 (m/z 99 and 113, 
respectively), whereas cations 9 + and 10 + prefer a 
more abundant loss of CH 4 (m/z 129 and 157, respec- 
tively) [47]. The peak at m/z 129 is shifted to m/z 133 
in the CAD spectrum of deuterium-labeled 9a +, which 
indicates a clean loss of nondeuterated methane in its 
dissociation. The CAD spectrum of deuterium-labeled 
9b +, prepared by ND4 + CI, is dominated by a clean 
loss of (CH3)2ND (base peak, m/z 100), which indi- 
cates a direct bond cleavage in its dissociation. The 
CAD spectrum of deuterium-labeled 9a+, protonated 
by isobutane CI, also confirms a clean loss of 
(CH3)2NH (base peak, m/z 104) and shows relatively 
clean mass shift for m/z 58 to 60 for ~-cleavage 
fragment ions. 
The CAD spectra of protonated iethers 11 + and 
12 ÷, formed by isobutane CI, show analogous frag- 
mentations as discussed for the protonated iamines 
(Table 2). The CAD spectra of 11 + and 12 ÷ show a 
dominant loss of methanol (base peaks) to give frag- 
ment ions at m/z 59 and 87, respectively. The CAD 
spectrum of 11 + shows a detectable loss of OH radical 
and methane, as evidenced by ions at m/z 74 and 75, 
respectively, whereas 12 ÷ gives a slightly more abun- 
dant loss of methane (m/z 103). CAD of both 11 ÷ and 
12 + results in the formation of the H2C~-O+CH3 
oxenium ion at m/z 45. 
Monofunctional Ammonium Radicals 
Neutralization with CH3SSCH 3 of 13 + and its deu- 
terium-labeled derivatives 13a + and 13b ÷ followed by 
reionization with 0 2 results in substantial decomposi- 
tion of the intermediate hypervalent radicals (Figure 
1). Three series of fragments are recognized from the 
NR spectra. First, very abundant hydrocarbon frag- 
ments appear at m/z 27-29 (C2H3_ s) and m/z 39-41 
(C3H3_ s) that correspond to dissociation of the heptyl 
group. The reionized CTH~s fragment appears as a 
very small peak at m/z 99 (Figure la), whereas the 
C7HI3D 2 fragment from 13b is only weakly indicated 
by its dehydrogenation products at m/z 98 and 96 
(Figure lc). Note that deuterium labeling in the 
dimethylamino group (13a +) does not result in signif- 
_H + H + icant mass shifts of the C, 3-5 and C 3 3-5 ions 
(Figure lb), whereas labeling at C-1 (13b +) causes 
H + mass shifts in the C 3 3-s ion group (Figure lc). The 
complementary dimethylamine fragment gives peaks 
at m/z 45 and 44 (Figure la) that shift to m/z 46-48 
in the spectrum of 13a + (Figure lb). The complemen- 
tary dimethylamine and hydrocarbon fragments indi- 
cate cleavage of the CH2- -N  bond in the intermedi- 
ate hypervalent radical 13". 
Alternatively, the ions in Figure 1 could arise by 
reionization of neutral fragments from CAD of 13 +, 
concurrent with neutralization. However, this appears 
to be less likely for the following reasons. CAD of 13 + 
gives rise to C7H~ and products of its consecutive 
dissociations, which, however, do not show losses of 
highly unsaturated neutral fragments, such as C2H3, 
C3H3, and C3H s [48]. By contrast, heptyl radicals 
undergo extensive dissociations and isomerizations 
that have moderate activation energies (130 kJ mol i 
[49]) and may account for the formation of the C2H3_ 6 
and C3H3_~, fragments in the NR spectra (Figure 1). 
Also noteworthy is the [m/z 45]/[ m/z 44] abundance 
ratio for reionized dimethylamine from 13" (Figure 1), 
which is substantially smaller than that obtained for 
dimethylamine prepared by He/CAD of its proton- 
bound dimer (0.91, Nguyen, V. Q.; Ture~ek, F. unpub- 
lished results). This indicates that the dimethylamine 
molecules are formed by N- -C  bond cleavage from 
hypervalent 13" and have substantial internal energies 
to promote further dissociations, which is in keeping 
with the behavior of other hypervalent ammonium 
radicals [50]. 
Second, the NR spectrum of 13 + shows a peak at 
m/z 58 that corresponds tothe stable H2C~ N(CH3) ~ 
immonium ion [41]. The latter shows very clean mass 
shifts on deuterium labeling, for example, m/z 58 to 
61 in 13a + and m/z 58 to 60 in 13b + (Figure lb and c, 
respectively). The H2C~N(CH3)  ~- ion is the predom- 
inant fragment of ion dissociations of N,N-dimethyl- 
aminoheptane; it accounts for > 70% of the total ion 
current in the corresponding 70-eV El mass spectrum 
(see Experimental nd [43]). The H2C~N(CH3) ~ ion 
thus represents a signature ion for reionized N,N- 
dimethylaminoheptane formed by hydrogen loss from 
hypervalent 13". The clean mass shifts due to labeling 
confirm the cleavage of the N- -H  bond in 13". 
Third, a cleavage of one of the N- -CH 3 bonds in 
13" would yield stable N-methylaminoheptane, which 
should undergo e~-cleavage dissociation upon reioniza- 
tion to yield a stable CH2~NHCH ~ ion at m/z 44 
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[51]. In 13", the latter fragment is obscured by the 
isobaric ion from dissociation of reionized dimeth- 
ylamine [50]. However, the presence of immonium 
ions due to the dissociation of reionized N-methyl- 
aminoheptane is evident from the NR spectrum of 
13b + (Figure lc), which shows a peak at m/z 46 due 
to CD2=NHCH ~ . Loss of CD 3 from 13a" is indicated 
by the presence of CH2=NHCH.~ (m/z 44) in the 
NR spectrum of 13a + (Figure lb). The latter ion is not 
formed by further dissociations of CH3NHCD J" [50] 
or CH2=N(CD3)CH~ [41]. 
The NR spectrum of 13 ÷ indicates that cleavages of 
all three types of bonds, that is, CH2- -N ,  N - -H ,  
and N- -CH~,  at the ammonium center occur in the 
hypervalent radical. Although exact quantification 
of the branching ratios for these three dissociation 
pathways is difficult due to unknown reioniza- 
tion efficiencies [50, 52], the signature ion relative 
intensities indicate that the propensity for bond 
cleavage decreases in the CH2- -N  > NqH > 
N- -CH 3 series. This order of reactivity is qualita- 
tively similar to that found for (CH3)3NH" [50], 
C6HsCH2N'H(CH3) 2 (Shaffer, S. A.; Ture~ek, F., 
unpublished), and C6HsCH2N'(CH3) 3 [53], which 
showed propensities for bond cleavages, N - -H  > 
N- -CH 3, CH2wN > N- -H  > N- -CH 3, and 
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Figure 1. Neutralization-reionization (CH3SSCH 3, 70% trans- 
mittance (T)/O 2, 70% T) mass pectra of (a) 13 ÷, (b) 13a ÷, and 
(c) 13b ÷. Insets how the [M + HI + region of the isobutane 
chemical ionization spectrum. 
CH2- -N  > N- -CH 3, respectively. It should be noted 
that N - -C  bond cleavages are predicted by theory to 
be disfavored against N - -H  bond cleavage in the 
ground electronic states of methyl, dimethyl, and 
trimethylammonium radicals [35(b), 50]. The facile 
CH2- -N  bond cleavage in 13' indicates that exten- 
sion of the electronic system in the alkyl group has a 
significant effect on weakening the C - -N  bond 
through delocalization of the unpaired electron into 
the diffuse orbitals at the alkyl carbon and hydrogen 
atoms [35(b), 50]. 
Bifimctional Ammonium Radicals 
NR mass spectra of ion 9 + were obtained under dif- 
ferent CI conditions and for neutralization reagents of 
a range of ionization energies. Previous studies have 
shown that the stabilities of monofunctional hyperva- 
lent radicals depend on the precursor ion internal 
energy [54], vertical recombination energy of the incip- 
ient radical (RE,,) [30], and vertical ionization energy 
(IE,.) of the neutralization gas [28-30]. Ion 9 + was 
28 
15 , 5 
44 
lo  30 s'o 7'o 
m/z  
86 
olll!, 
145 
rn  / z 
60 ' 
Figure 2. Neutralization-reionization mass spectra of 9+: (a) 
Isobutane CI, NR (CH3SSCH3, 70% transmittance/O 2, 70% T); 
(b) isobutane CI, NR (trimethylamine, 70% T/O 2, 70% T); 
(c) isobutane C[, NR (Xe, 70% T/O 2, 70% T); (d) ammonia CI, 
NR (CH3SSCH 3, 70% T/O 2, 70% T). The inset in (a) shows the 
[M + H] ÷ region of the chemical ionization spectrum. 
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prepared by exothermic protonation with C4H d 
(&PA = 227 kJ tool 1) by isobutane CI and by proto- 
nation with NH~ (&PA = 178 kJ mol - l)  by ammonia 
C[. Highly exothermic protonation with H30 ~ (,-kPA 
= 339 kJ mol l) by using water CI also was at- 
tempted, but the stable 9 ÷ cations obtained were found 
to originate from self-CI of 3, as confirmed by D20 CI, 
which gave 9* with no deuterium incorporation. Fast 
dissociation of D30+-deuteronated 9" could explain 
this observation. The C 4 H ~-protonated cations 9' were 
neutralized by collisions with dimethyl disulfide, 
trimethylamine, and xenon as shown in Figure 2a-c, 
respectively. Electron transfer onto 9 '  from all these 
reagents is substantially endothermic; for the esti- 
mated recombination energy of 9 ~ ( ~ 3 eV [50]), neu- 
tralization with dimethyl disulfide (IE,. = 8.97 eV [55]), 
trimethylamine (IE,. = 8.45 eV [55]), and Xe (IE = 12.13 
eV [55]) results in energy defects that range from ~ 5.5 
to 9 eV. The NR spectra obtained with the foregoing 
reagents, as well as the spectrum obtained by 9 ~ 
formed by ammonia CI (Figure 2d), differ only slightly 
in appearance and give largely low mass fragments, 
whereas the reionized 9 ~ is absent. 
One difference in the NR spectra of 9 ~ is the abun- 
dance ratios of [111/-" 45]/[m/z 58], which increase 
with the endothermicity of the electron transfer, for 
example, [m/z 45] / [m/z  58] = 2.1, 2.4, and 4.2 for 
neutralizations with trimethylamine, dimethyl disul- 
fide, and xenon, respectively. We attribute the in- 
creased formation of m/z 45 in the latter spectrum to 
reionization of neutral dimethylamine formed by CAD 
of ion 9 + (Table 2) concomitant with neutralization. 
Presumably, the cross section for the highly endother- 
mic electron transfer from xenon decreases relative to 
that for CAD [52]. Note, however, that CAD remains a 
minor process, as judged from the absence of reionized 
Table 2. CAD (O 2, 70r; ~ transmittance) mass .spectra of C 4 H,~ -protonated 7-12" 
m/z  7 " 8 " 9 " 9a " 9b " 10 ' 11 " 12 " 
173 
172 
171 
158 
157 
149 
148 
147 
146 
145 
144 
143 
134 
133 
132 
131 
130 
1 29 
128 
127 
126 
124 
119 
118 
117 
116 
115 
114 
113 
112 
106 
105 
104 
103 
102 
7O 
MH'  
(0.3) 
(0.1) 
MH" 
(0.4) 
0.1 
0.2 
MH" 
(17) 
(12) 
MH" 
(41) 
(22) 
0.5 
7.7 
0.2 
MD" 
(0.4) 
0.6 0.3 
8.1 
0.3 
3.7 
64 
3.5 
0.1 4.5 0.3 
0.8 0.8 0.5 0.1 0.4 
MH" 
(4.3) 
(0.2) 
0.1 
0.6 
0.2 
4.1 
30 
3.9 
1.7 
0.1 
0.2 
1.8 
0.1 
0.5 
MH'  
(0.7) 
0.3 
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Table 2. (C~Ht imlc~t)  
m/z  7 " 8 ' 9 ' 9a ' 9b ' 10 * 11 + 12 ' 
101 0.1 
100 0.1 
99 0.3 
98 
97 
96 
91 
90 
88 
87 
86 
85 0.2 
84 
83 0.1 
82 
81 
79 
77 
76 
75 
74 0.1 
73 4.3 
72 61 
71 1.9 
70 1.2 
69 0.1 
68 
67 
65 
61 
60 0.2 
59 1.7 
58 24 
57 1.7 
56 1.7 
55 0.5 
54 0.3 
53 
46 
45 
44 
43 
42 
41 
40 
39 
33 
31 
30 
29 
28 
27 
26 
0.1 
3.1 
31 
18 
3.5 
0.1 
0.4 
0.2 
1.6 
3.1 
3.6 
0.2 
0.5 
0.1 
0.7 
0.1 
9.8 
20 
2.4 
0.4 
0.3 
3.3 
27 
3.5 
13 
0.1 
0.3 
0,4 
1.1 
4.1 
0.4 
0.6 
0.1 
2.3 
3.4 
4.3 
0.8 
0.1 
0.4 
0.1 
0,4 
12 
0.8 
1,0 
1.0 
0.1 
0.1 
1.8 
2.7 
0.7 
2.4 
0.6 
0.1 
0.3 
3.2 6.6 
0.3 68 
0.9 
1.1 
0.3 
0.3 0.4 
0.3 
1.2 
1.7 
2.1 
0.3 
2.9 
0.3 
0.8 
0.3 
2.9 
0.3 
0.5 
0.3 
0.3 
0.3 
0.4 
0.2 
0.1 
MH'  
(38) 
0.2 
0.9 
0.3 
2.5 
0.2 
0.3 
0.4 
0.1 
0.4 
0.6 0.1 
1.1 0.5 
1.4 1.2 
0.3 0.9 
0.2 
0.2 
0.1 
0.3 0.5 
0.1 0.4 
0.3 0.3 
0.1 0.2 
0.3 
0.2 
3.7 
49 
0.6 
0.7 
0.3 
0.6 
0.1 
1.0 
2.4 2.4 
10 1.1 68 0.3 
24 3.7 3.9 
0.7 0.8 0.2 0.6 
0.7 0.9 2.2 
2.1 3.9 
0.2 0.1 0.2 
0.2 0.4 
2.2 0.2 0.4 
3.3 11 22 
5.2 0.3 0.3 
1.1 2.1 1.1 
2.7 0.5 1.7 
1.8 0.2 2.5 
0.1 0.2 
0.4 1.2 
0.6 0.5 
3.9 
0.3 0.8 
3.6 
1.5 0.5 
0.6 
0.2 
a Values are percent relative to the sum of ion intensities measured as integrated peak areas. 9b" 
deuteronated by ND,~. 
1014 SHAFFER AND TURECEK J Am St)c Mass Spectrom 1995, 6, 1004 1018 
CH;' ,  which is complementary to the abundant ion 
fragment at m/z 129 in the CAD spectrum of 9 ~ 
(Table 2). CH 4 gives a substantial survivor ion in its 
NR spectrum to make it detectable in dissociations of 
9* [56, 57]. The absence of CH~" is not due to discrim- 
ination against low mass fragments because the other 
CH~ ions do appear in the NR spectrum. The forma- 
tion of dimethylamine in NR thus points to cleavage of 
the CH2- -N  bond and the hydrogen bond in the 
intermediate radical 9" 
The dissociation pathways for 9 were elucidated 
with deuterium-labeled ions 9a ~ and 9b ~. The NR 
spectrum of 9a * (Figure 3a) shows a clean mass shift 
from m/z 58 to 60 for the immonium ion 
CD2~N(CH3)  ~ . Tile latter is likely to be formed by 
e~-cleavage ion dissociation of reionized 3a " according 
to its CAD spectrum (Table 1), and by analog}, with 
the El spectrum of 3 [43]. The presence of m/z  58 and 
60 in the NR spectra may indicate loss of H" atom 
from hypervalent 9" However, loss of methyl from 9" 
followed by reionization of the N,N,N'-trimethyl- 
butane-l,4-diamine intermediate (14) is also likely to 
form m/z 58 (m/z 60 from 9a) by c,-cleavage at tile 
other dimethylamino group (Scheme I) [43]. The loss of 
methyl from 9a" is observed indirectly by the presence 
of CD2=NHCH,~ at m/z 46 (Figure 3a). Tile latter 
ion is formed by ~-cleavage dissociation in reionized 
14, by analogy with the abundant dissociations of 
methylalkylamine cation-radicals on El [43]. On label- 
ing (9a ~), the peak at m/z  71 (Figure 3a) shows a 
clean shift to m/z  72, which indicates retention of one 
c~-deuterium atom in the ion formed. The probable 
mechanism for the latter ion formation through neutral 
fragmentation followed by reionization is shown in 
28 
°° tLI 4 ~  0 ~¢ so- o I I 
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Figure 3. Neutralization-reionization (CH3SSCH3, 70°~ trans- 
mittance/O 2, 70% T) mass spectra of (a) 9a + (isobutane CI) and 
(b) 9b + (d3-ammonia CI). Insets show the [M + H,D]* regions 
of the chemical ionization spectra. 
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Scheme 1. Tile suggested pathway is supported by the 
formation of reionized CH2CD ~" at m/z  30 (Figure 
3a). Hence, identification of (CH3)2NH, ethylene, and 
CH2=CHN(CH3)  2 and their isotopomers is in line 
with the CH~- -N  bond cleavage in hypervalent 9" 
(Scheme I). 
The NR spectrum of 9b + also lacks a survivor ion 
(Figure 3b), which indicates that the presence of an 
N- -D  bond does not increase the kinetic stability of 
the intermediate hypervalent radical 9b'. The immo- 
nium fragment ion at m/z 58 shows no mass shift in 
the spectrum of 9b*, whereas reionized (CH3)2ND +" 
appears at m/z 46. Furthermore, the fragment at m/z 
86 is in part shifted to m/z 87 due to deuterium 
retention. The formation of tile latter ions can be due to 
loss of methyl from 9b, followed by elimination of the 
dimethylamino group from reionized 14 +. (Scheme I). 
Note that an analogous elimination of "N(CH3) 2 is 
abundant in ion dissociations of the homologous ion 
3 +" (Table 1). 
Unfortunately, the NR spectra of 9 ' ,  9a +, and 9b + 
do not provide unique fragment ions that unambigu- 
ously would identify loss of the ammonium hydrogen 
or deuterium atoms. That the loss of hydrogen atom is 
a minor dissociation pathway follows from the compa- 
rable relative abundances of the immonium ions 
CD2zN(CH3)  d and CD2=NHCH ~ , which are free 
of isobaric interferences in the NR spectrum of 9a'  
(Figure 3a). Ion dissociations of both N,N, N'N'-tetra- 
methyl- and N,N,N'-tr imethylalkane-~,ta-diamine 
cation-radicals give CH2=N(CH3)  ~ as the by far 
predominating product, whereas the CH2= NHCH 
from the latter amines is less abundant [43]. Hence, tile 
relatively low intensity of CH2~N(CH3 )+ in the NR 
spectrum of 9 + indicates inefficient formation of 3 by 
loss of the ammonium hydrogen atom from the hyper- 
valent radical. 
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The NR spectrum of 7'  shows extensive dissocia- 
tion of the intermediate radical 7" and/or  the ions 
formed therefrom on reionization, whereas the sur- 
vivor ion is absent (Figure 4b). The signature ion for 
7* (m/z 72, Table 2) is absent in tile NR spectrum, 
which indicates that no 7" survives the 5.4-p,s flight 
time between the neutralization and reionization colli- 
sions. The peaks at m/z 45, 44, and in part m/z 28 
and 15 can be assigned to reionization of neutral 
dimethylamine [50] formed by CH2- -N  bond dissoci- 
ation in hypervalent 7". The other major peaks in tile 
spectrum, m/= 58, 42, and (in part) 15, originate from 
CH2=N(CH3) ;  [41]. TheNRspect rumof l  +'(Figure 
4a) also shows CHa=N(CH3)  ~ as a major fragment, 
although its subsequent dissociation by elimination of 
methane (m/z 42) is much less extensive than that in 
tile NR spectrum of 7 ÷ (Figure 4b). Unfortunately, the 
immonium ion does not distinguish between the possi- 
ble neutral intermediates, for example, 1 and 
N, N, N'-trimethylethylenediamine (15),formed by loss 
of H" and CH~ from 7, respectively. The ion dissocia- 
tions of I and 15 (from 70-eV EI mass spectra) are very 
similar; the only significant difference is the formation 
of CH2=NHCH ~ (20%) from 15 [43]. However, in 
the NR spectrum of 7 * (Figure 4b) the latter fragment 
is obscured by tile isobaric ion from dissociation of 
dimethylamine. Therefore, it may be concluded safely 
that hypervalent 7" undergoes CH2- -N  bond cleav- 
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Figure 4. Neutral izat ion-reionizat ion (CH3SSCH ~, 70q'~ trans- 
mit tance/O2,  70C'; T) mass spectra of (a) 1+; (b) 7*, (c) 8 +, and 
(d) 10 + . Insets for (b)-(d) show the (M + H] ÷ regions of the 
isobutane chemical ionization spectra. 
age that results in loss of dimethylamine. This frag- 
mentation also breaks the hydrogen bond in neutral- 
ized 7 + similar to CAD of the ion (Table 2). The N- -H  
and/or  N- -CH 3 bond cleavages, although unre- 
solved by the present experiments, occur competitively 
with the loss of dimethylamine. 
Neutralization-reionization f 8 + results in sub- 
stantial dissociation, such that the peak of the survivor 
ion 8 ' is absent in the spectrum (Figure 4c). Note that 
the absence of the major ion dissociation product of 8 + 
(m/z 85, Table 2) suggests that radical 8" dissociates 
completely before reionization. The spectrum is domi- 
nated by the peaks due to reionized dimethylamine 
(m/z 45, 44, 28, 15), whereas CH2=N(CH3)  + (m/z 
58) and its dissociation products (e.g., m/z 42) are 
less abundant. The latter fragments do not distinguish 
the possible neutral precursors, for example, 2 and 
N, N, N'-trimethylpropane-l,3-diamine (16), formed 
from 8" by loss of H" and CH~, respectively• The ion 
dissociations of 2 and 16 (from 70-eV EI mass spectra) 
differ only in tile formation of CH2~NHCH ~ (40%) 
from the latter [43]. However, in the NR spectrum of 
8 ~ the CH2=NHCH ~ ion is obscured by the isobaric 
fragment from reionized dimethylamine. We conclude 
that neutralization of 8* results in major dissociation 
by cleavage of the CH2- -N  bond with concomitant 
break of the N- -H- -N  hydrogen bond. The parallel 
cleavages of N - -H  and/or  N- -CH 3 bonds occur to 
a lesser extent, but are unresolved by the product 
analysis. 
The NR spectrum of cation 10 + is qualitatively 
similar to those of 7 + and 8 ÷ (Figure 4d). One notable 
difference is the relatively high abundance of the 
CH2=N(CH~)  ~ ion (m/z 58) and its dissociation 
product at m/z 42, compared to those of m/z 45 and 
44 from reionized dimethylamine. This indicates a 
greater proportion of H '  and/or  CH~ loss from hyper- 
valent 10  as opposed to the CH2- -N  bond cleavage 
found in the other ammonium radicals 7, 8; and 9" 
(Figure 4). 
Bifunctional Oxonium Radicals 
The NR spectra of protonated iethers 11 + and 12 + 
show abundant low mass fragments that attest to ex- 
tensive dissociation (Figure 5). The NR spectrum of 
11 ÷ (Figure 5a) shows peaks at m/z 32, 31, and 29, 
which are characteristic of reionized methanol [58]. In 
addition, the peak at m/z 45 corresponds to the stable 
oxenium ion CH2=OCH ~ , which is characteristic of 
ion dissociations of 1,2-dimethoxyethane (5) and 2- 
methoxyethanol (17), as observed in the corresponding 
70-eV EI mass spectra [43]. The NR spectrum shows 
that CH2- -O  bond cleavage in 11" competes with 
losses of H" and CH ~; however, the latter two dissoci- 
ations are unresolved owing to lack of unique frag- 
ment ions. 
The NR spectrum of 12 ÷ shows a significantly higher 
proportion of fragments due to CH2- -O  bond cleav- 
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Figure 5. Neutralization reionization (CH ~SSCH~, 70c; trans- 
mittance/O2, 70G- T) mass spectra of (a) 11 ' and (b) 12 ". Insets 
show the[M + H]* regions of the isobutane chemical ionization 
spectrum. 
age. This is corroborated by the ions from reionized 
methanol (m/z 32, 31, 29), as well as hydrocarbon ions 
from the fragmentation of tile connecting alkyl chain, 
for example, m/: 26, 39, 41, and 54. Tile NR spectrum 
also shows peaks at m/: 86, 71, 69, 58, and 45. These 
ions appear in the 70-eV EI mass spectrum of 1,4- 
dimethoxybutane (6) (see Experimental and [43]) and 
thus represent a signature for the loss of tile oxonium 
hydrogen atom from 11". However, ion dissociations of 
4-methoxybutanol (18), a potential product of methyl 
loss from 11; do not provide unique ions [43] and so 
the latter dissociation is not firmly identified. 
Discuss ion  
Neutralization of stable hydrogen-bonded ammonium 
and oxonium cations 7 ' -12 '  results in complete dis- 
sociation of the intermediate hypervalent radicals, such 
that no survivor ions nor products of their ion dissoci- 
ations are detected. This finding contrasts with the 
behavior of NH 3 ... NH~, which showed metastability 
for both protonated and deuteronated species [36]. A 
significant difference between the present experiments 
and those of Porter and co-workers [36] is that the 
latter authors used alkali metals as neutralization 
reagents. Collisional electron transfer from Na or K to 
NH3NH ~ was thus carried out close to thermoneutral- 
ity due to the small difference between the ammonium 
recombination energy and the alkali metal ionization 
energies [36]. By contrast, the present experiments use 
organic molecules as electron donors, which makes the 
collisional electron transfer substantially endothermic 
(vide supra). These conditions typically favor neutral 
dissociations in NR [30]. To discuss the instability of 
7"-12" under NR conditions, tile dissociation pathways 
need to be identified. However, interpretation of the 
NR data faces several obvious difficulties owing to tile 
instability on reionization of some of the primary dis- 
sociation products (1-6, 14-17) and their convergent 
dissociation pathways. Witll tile above caveats in mind 
we examine the relative intensities in tile NR spectra 
of tile structure-significant fragment ions to extract 
more information on the product formation and hence 
relative bond stabilities in tile hypervalent radicals. 
All tile hypervalent radicals under study undergo 
facile cleavage of the CH, - -X  bond (X = N, O), which 
results in elimination of neutral dimethylamine or 
methanol and formation of tile complementary alkyl 
radicals that carry the other functional group. Interest- 
ingly, tile methanol molecules are formed from the 
hypervalent oxonium radicals with excess internal 
energy. This follows from the comparison of the disso- 
ciations of the reionized methanol ions with those 
produced by neutralization-reionization f stable 
cation-radicals. For example, the relative intensities of 
[CH3OH"] / [CH2OH * ] from reionization of methanol 
produced from hypervalent 11" and 12" (0.38 and 0.29, 
respectively) are substantially smaller than that from 
(CH3)~N/O 2 NR of methanol cation-radical, which 
gives a 1.2 ratio. Note that tile loss of H" from 
CH3OH *" requires only 76 kJ tool i at the dissociation 
threshold [59], and thus tile [CH~OH ~']/[CH2OH ~] 
ratio represents a sensitive probe of tile internal energy 
in reionized CH3OH ~'. The dimethylamine molecules 
that are produced from 7", 8; 9, and 10  and give, after 
reionization, [C2HrN ~'] / [C2H,N ~] = 0.31, 0.48, 0.29, 
and 0.31, respectively, which are to be compared with 
tile same ratio from CH~SSCH3/O 2 NR of 
(CH3)2NH ", which gives 0.37. Note that the endother- 
micity AH~ = 137 kJ mol ~ for (CH3)2NH ~' 
CH3NH=CH ~ + H" is substantially greater than 
that for the analogous dissociation of CH3OH".  The 
relatively lower extent of dissociation in reionized 
(CH3)2NH ~" suggests an upper limit of 140 kJ mol 1 
deposited in the neutral dimethylamine from hyperva- 
lent 7"-10". This internal energy presumably originates 
from exothermic dissociations of the CH2- -N  bonds. 
Although the pertinent hermochemical data are un- 
available for 7"-10, the analogous N- -C  bond cleav- 
age in (CH3)3NH" is 103 kJ tool ~ exothermic and 
overcomes an activation barrier of >60 kJ mol ~, 
which results in > 160-kJ mol ~ excess energy in tile 
dissociation channel. However, an interesting differ- 
ence may be noted between the C- -N  bond dissocia- 
tions in 7"-10" and that in (CH3)3NH" [50]. Upon loss 
of a methyl radical, the latter forms the dimethylamine 
molecule with a significantly larger internal energy, 
as estimated from the very extensive dissociation 
of the reionized dimethylamine,  which gives 
[C2H7 N* ' ] / [C2H~N + ] = 0.06 [50]. This difference be- 
tween 7"-10" and (CH3)BNH" may be in part due to 
the degrees-of-freedom effect, because the complemen- 
tary radicals from 7-10" have greater heat capacities 
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than the CH 3 radical from (CH3)3NH" It also is possi- 
ble, however, that the CH2- -N  bond cleavage in 
7"-10" proceeds with a lower energy barrier than the 
CH3- -N  bond cleavage in (CH3)3NH, which results 
in a lower excitation of the products. The latter expla- 
nation, albeit tentative, is in line with the very facile 
CH, - -N  bond cleavage in hypervalent 7-10". 
As discussed for 9" direct hydrogen loss frorn the 
hypervalent radical is a minor dissociation channel. 
This implies an overall strengthening of the N- -H  
bond relative to the N- -C  bonds in the bifunctional 
hypervalent radical. Note that N - -H  bonds dissociate 
readily in monofunctional mmonium radicals 13" and 
(CH3)3NH [50]. The effects of hydrogen bonding in 
7'-10" are indicated only indirectly bv the NR spectra. 
Undoubtedly, the nature of hydrogen bonding in 7"-10 
differs from that in ions 7 ~-10 ~ and neutral diamines 
1-4 and 14-16. In hypervalent radicals the unpaired 
electron occupies a diffuse orbital that significantly 
increases the electron density at the hydrogen atom in 
the electronic ground state of the radical [50]. Because 
the hydrogen bond chiefly is due to attractive lectro- 
static interaction between the proton and the donor 
atom electrons [16], an increase in the electron density 
at the hydrogen atom should result in a weaker hydro- 
gen bond in the hypervalent radical. On the other 
hand, the unpaired electron also weakens the C - -N  
bonds in hypervalent radicals, as judged by the sub- 
stantial exothermicity of C - -N  bond cleavages in 
methylammonium radicals [35(b), 50]. The relative 
propensities for C - -N  and H- -N  bond cleavages 
depend on the electronic structure of the hypervalent 
radical, namely, the level of mixing of the bonding 
N- -C  and N- -H  ¢r-orbitals with the diffuse orbital 
that contains the unpaired electron [50]. 
Effects of ring size on hydrogen bonding in 7"-10 
can be assessed by comparison of the extent of 
CHR- -N  and CH3- -N  bond dissociations as in- 
ferred from the NR spectra. A cleavage of the CH2- -N  
bond breaks the ring structure and results in elimina- 
tion of dimethylamine. A cleavage of the CH3- -N  
bond can preserve the ring structure, provided hydro- 
gen bonding is favored in the resulting diamine 
molecule (Scheme II). These bond cleavages can be 
roughly assessed from the product ratios, for example, 
]® 5 
Scheme II 
]/ 
GH2 \H 
I 
N 
{[ m/z  58] + [m/z  42]}/{[ m/z  45] + [m/z  44]}, where 
the numerator summarizes ion intensities due to 
CH2~N(CH3)  ~ and the denominator those due to 
dimethylamine. The NR spectra of 7 ' -10  + give the 
foregoing products ratios as 1.0, 0.43, 0.62, and 1.7, 
respectively. This would indicate that ring stabilization 
through hydrogen bonding is lowest in the six-mem- 
bered ring of 8" and increases in larger ring structures. 
The anomalous value for the five-membered ring in 7 
may be due to a ring strain that promotes the CH2- -N  
bond cleavage relative to that of N - -CH 3. 
Conclusions 
Hypervalent radicals generated by collisional reduc- 
tion of protonated ccw-diamines and diethers dissoci- 
ate completely on the microsecond time scale. No 
substantial stabilization through intramolecular hydro- 
gen bonding of the hypervalent ammonium and oxo- 
nium radicals is observed. Subtle effects are found 
with regard to the propensities for bond cleavage 
at the hypervalent nitrogen atoms which decrease 
in the order CH~- -N  > CH3- -N  > N- -H .  This 
differs from the bond cleavage propensities in a 
monofunctional ammonium radical that show a 
CH, - -N  > N- -H  > CH3- -N  order. Some stabiliza- 
tion by intramolecular hydrogen bonding in bifunc- 
tional hypervalent ammonium radicals is indicated by 
ring-size effects that appear to favor structures with 
large rings. 
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